The Coulter STKS (Coulter, Hialeah, FL), the Abbott CD3500 (Abbott Diagnostics, Abbott Park, IL), a 400-cell manual differential, and flow cytometry using double-staining with fluorescence-labelled monoclonal antibodies (CD45-FITC and CD14-PE) on a Coulter Epics Profile II were evaluated for precision and accuracy in relative monocyte counting. STKS, CD3500, and Profile II achieved a precision analogous to a 3,542-, 1,835-, and 11,998-cell differential, respectively, demonstrating the superiority of automated methods. Analysis of 156 normal and abnormal samples revealed that the mean relative monocyte counts of the manual differential, CD3500 and Profile II were not significantly different. Only the STKS results showed a positive bias (0.79% ± 1.65), which was increased in lymphocytic samples. Linear regression beAlthough the overall performance of differentiating hematology analyzers has improved considerably over the past years, they have often produced disappointing results in monocyte counting.
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1 " 8 Correlation with the reference method has frequently been poor, and both accuracy and precision were worse than for other leukocyte populations, even when studying normal samples. 910 In contrast, the less frequent eosinophils usually showed good results.
1 " 8 " One reason for the problems encountered with monocytes is that currently employed techniques of automatic differentiation fail to clearly distinguish all varieties of this morphologically diverse population, especially in abnormal samples. Another problem is lack of an appropriate reference method. The performance characteristics of the manual 400-cell differential, which is still used as reference in monocyte counting, 12 are anything but optimal for this purpose. Subjectivity of the examiner and the extremely diverse monocyte morphology detract from its accuracy. 13 Precision for smaller cell populations is poor, even when differentiating 400 leukocytes. 14 To overcome these problems, investigators evaluating monocyte counting performance of hematology analyzers have begun to include flow cytometric In this study, we also included a flow cytometric method using dual staining with specific fluorescence-labelled monoclonal antibodies on a Coulter Profile II, in addition to the manual differential, to evaluate the monocyte counting performance of the Coulter STKS and the Abbott CD3500 hematology analyzers. Because superior precision is a key criterion for any reference method, the reproducibility of Profile II results was examined in comparison with all other methods investigated. Previous studies employing monoclonal antibodies for monocyte enumeration included only one flow-cytometric technique.
9 " Our Profile II results were also compared to those of a FACScan, using the same antibodies, but with a different sample preparation method.
MATERIALS A N D METHODS

Instruments
All instruments were used with the reagents recommended and supplied by their manufacturers. Samples were analyzed using standard operating procedures. The Coulter STKS with VCS technology classifies cells by measuring low-frequency impedance, high-frequency conductivity, and laser light scatter. The software revision used during this study was 1G1. The Abbott CD3500 uses 0°, 10°, 90°, and 90°-depolarized laser light scatter to differentiate leukocytes. The software revision 1.11 was installed. The Profile II and the FACScan measure forward scatter, side scatter, and two-color fluorescence. They were programmed to count 20,000 and 10,000 events, respectively.
Accuracy
Blood samples from 156 subjects seen routinely were analyzed. Normal samples (n = 67) were defined by the absence of any abnormal hematological findings in the manual differential and the STKS blood count. Pathologic samples were defined according to the NCCLS recommendations as showing abnormal distributional or morphologic features in the manual differential. 12 The samples were from 89 patients with various pathologies (viral and bacterial infection, liver cirrhosis, carcinoma, chronic renal failure, multiorgan failure, and hyperthyrosis). Two distinct subgroups of pathologic samples were defined as follows: left-shifted samples (n = 24, bands > 10% or metamyelocytes > 1 % or myelocytes ai 1 %) and lymphocytotic samples (n = 24, lymphocytes > 40%). Venous blood was drawn into a standard 3-mL K 3 EDTA tube (Becton Dickinson Vacutainer, Systems Europe, Meylan, France). The samples were maintained at room temperature and tested between 1 and 3 hours after collection in the automatic cap-piercing sampling mode. The time interval between measurements on the two instruments was always less than 1 hour. Samples were prepared for flow cytometry within 4 hours of collection. Three blood spins were prepared for each specimen (Microx spinner, Omron, Tokyo, Japan). They were fixed and stained using a modified Wright method (Hema-Tek, Ames automatic stain, Miles Limited, Slough, UK).
The 400-cell manual differential results were obtained as described in the NCCLS Approved Standard H20-A. 12 Two clinical pathologists each performed a 200-cell differential on separate blood spins and the results were averaged. If the difference between the two manual counts exceeded the 95% confidence limits given by Riimke, 14 a third spin was counted by an arbitrator and the results processed as recommended in the NCCLS guidelines. 12 Dual staining with fluorescence-labelled monoclonal antibodies was performed as follows: 100 fiL of EDTA anti-coagulated whole blood was incubated for 15 minutes at room temperature with 20 nL of Leucogate (Becton Dickinson) consisting of a monoclonal antibody combination of CD45-FITC (anti-leukocyte antibody, clone 2D1) and CD14-PE (anti-monocyte antibody, clone M0P9). Subsequently erythrocytes were lysed by adding 2 mL of an ammonium chloridebased lysing solution (An-Der-Grub Bio Research, Kaumberg, Austria). After two washing-steps, samples were analyzed on the Profile II. A gate, including all leukocyte populations and the upper region of the debris, was defined in the laser light scatter histogram. The fluorescence of gated cells was evaluated and the relative percentages of monocytes and debris were determined. The monocyte percentage was corrected according to the amount of debris included in the light scatter gate. To compare the results of this method to previously published data, 40 samples of the daily routine (22 normal, 18 pathologic) were prepared and analyzed in duplicate. In addition to the procedure described above, they were prepared using the standard procedure as described elsewhere 915 and analyzed on a FACScan. 
Statistical Calculations
Least squares linear regression was applied to calculate slope, intercept, and standard error of the estimate (Syx), with the flow cytometric result as the independent variable, and the Pearson correlation coefficient (r) was calculated. Friedmann's test was used to detect significant differences between methods or instruments, followed by Wilcoxon's signed rank test to identify the relevant groups. Differences between normal, leftshifted and lymphocytotic samples were evaluated by the Kruskal-Wallis test, followed by the Mann-Whitney test. Profile II and FACScan were also compared using Wilcoxon's signed rank test.
Imprecision results of the instruments were fitted to the above-described CVp function by a curve fitting program (Fig-P for Windows, Biosoft, Cambridge, UK) using nonlinear least square regression. The resultant figure corresponds to the number of theoretically differentiated leukocytes (ie, the variable "n" in the equation). Fitted curves were compared by the F test method. 16 All data are given as means ± standard deviation (SD).
RESULTS
Precision
Imprecision increased with decreasing monocyte percentages in all methods investigated (Fig. 1) . The theoretical imprecision of the manual 400-cell differential is substantially higher than that of the automated methods. The precision of the STKS was theoretically analogous to a 3,542-cell differential and significantly surpassed that of the CD3500, which corresponded to a 1,835-cell differential. The Profile II monocyte count outperformed both methods, with a theoretical number of 11,998 differentiated cells. This superiority was most prominent in samples with mid-and low-range monocyte percentages.
Accuracy
The results of least squares linear regression including normal and abnormal samples are summarized in Table 1 Results of least squares linear regression analysis with the more precise Profile II result used as the independent variable (n = 156. normal and abnormal samples; monocytes expressed as percent of leukocytes).
parison of the Profile II results as independent variable to those of other methods resulted in correlation coefficients that were comparable to previously published figures. 9 The intercepts were not statistically significant. Only the STKS showed a considerable proportional error.
Means and biases of monocyte results are compiled in Table  2 . Bias plots are presented in Figure 2 . The bias was defined as the result of each method minus the Profile II result. Profile II results did not significantly differ from those of the CD3500 or the manual differential in any group. STKS results in contrast were higher in all but the left-shifted samples. Comparison of STKS biases in different groups revealed a significantly smaller bias in left-shifted samples and a significantly higher bias in lymphocytotic samples. Comparison of the two flow-cytometric sample preparation techniques analyzed on the Profile II and on the FACScan showed no significant intercept (0.01), a small Syx (0.57), an acceptable slope (0.95), an excellent correlation (r = 0.991), and a small but significant difference in means (8.57% ± 4.43 and 8.18% ± 4.25, respectively, the difference being -0.39% ± 0.60).
DISCUSSION
The precision of both hematology analyzers showed large variations for different normal range samples (Fig. 1) , empha- Original Article sizing that precision studies based on the replicate analysis of only one or few samples may totally misjudge analyzer performance. Results of the recommended NCCLS procedure of duplicate analysis of a large number of samples, 12 however, are strongly influenced by the size of the respective leukocyte class 1 and may fail to reveal precision performance in the infrequent high-or low-range samples. Moreover, duplicate analysis is cumbersome when studying a manual flow-cytometric method. The method used in this study describes precision performance over the whole relative count range, facilitates statistical comparison between different methods, and relates the performance to that of the manual differential, at the cost of requiring a large number of additional analyses.
The precision of both instruments was high and much superior to that of the manual differential. The good precision of the STKS monocyte count is consistent with previous reports. 7 -8 The precision of flow cytometry using monoclonal antibodies reached more than half of the theoretical optimum of a 20,000-cell differentiation. Even low monocyte percentages were reproducibly analyzed with the Profile II, despite a manual sample preparation procedure that includes two washing steps. This outstanding precision prompted us to use the Profile II as the independent variable in regression analysis instead of the accepted reference method. In least squares linear regression analysis, the x-values are assumed to be free from error 1718 ; therefore, it appears inappropriate to use the results of the manual differential as the independent variable. The problem was recognized previously by some investigators, who either used the more precise automated methods as the independent variable, 19 as we decided to do, or resorted to a different regression procedure. 7 -9 The results obtained with the CD3500 and with the manual differential correlated well with the Profile II results and showed no significant bias. The STKS showed the best correlation, but the mean was significantly higher. A more differentiated picture was obtained by evaluating the individual subgroups, revealing a marked elevation in lymphocytotic samples but no elevation in left-shifted samples (Table 2) . It was suggested previously that in cases of lymphocytosis, the enumeration of lymphocytes as monocytes elevates the STKS monocyte count. 15 In heavily left-shifted samples, the STKS sometimes failed to differentiate cell fractions such that monocytes were enumerated as neutrophils, thus compensating the overrating of monocytes. Most investigators testing the Coulter VCS technology versus microscopy observed a smaller STKS count, 1 -310 ' 20 whereas other authors reported a substantial influence of the software version used. 19 Such an influence was also reported for other instruments. 6 Because we used a rather uncommon sample preparation technique, which is more suitable for the Profile II, as lymphocytes are rendered larger than by the commonly used Becton Dickinson lysis procedure for the FACScan, we validated the results by comparison with the latter method. Despite a small number of only 40 samples, we found that the two flow cytometric procedures correlated better with each other than any other two methods. This excellent correlation combined with the high precision lead us to recommend the use of monoclonal antibodies as the best reference method available, as was suggested by other authors. 915 However, although these flow-cytometric procedures are rather similar and the same antibodies were used, they still produced a small, but significant, difference of means. Extensive studies will be necessary, using different flow cytometric methods including no-wash techniques and different antibody clones, to clearly define the role of monoclonal antibodies as a new reference method for monocyte counting.
